The aim of the present study was to improve the chilling tolerance of cucumber seedlings. The conditioned seeds in solutions of salicylic or jasmonic acid in concentrations of 10 -2 , 10 -3 or 10 -4 M or brassinolide in concentrations of 10 -6 , 10 -8 or 10 -10 M were subjected to temperature shock of 0, 2.5, 5, 35, 40 or 45°C for 1, 2 or 4 hours. Seedlings with 3 mm roots were chilled at 0°C for three days. The chilling susceptibility was evaluated by measurements of roots lengths, electrolyte leakage and total dehydrogenase activity.
INTRODUCTION
Cucumber (Cucumis sativus L.), due to its origin, belongs to the group of plants with high thermal requirements (Saltveit 1991) . In Poland, cucumbers grown in the field are exposed to adverse environmental factors, such as spring frosts and prolonged cold weather. This results in the inhibition of plant growth, yellowing of leaves and an increase in the occurrence of diseases, which in turn leads to the inferior quality of the crop or the death of plants.
Chilling temperature during seed germination and seedling emergence results in a reduction in seed germination and vigor, the slow growth of seedlings and their dehydration, necrosis and discoloration, greater sensitivity of plants to disease, inhibition of their growth, damages the *Corresponding author.
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root tips and ultimately their decay (Stark et al. 1993 , Kacperska 2002 . The adverse chilling effect observed at the cellular level concerned a loss of cytoplasm liquidity, a decrease in membrane integrity, changes in enzyme activity, accumulation of harmful compounds, increased release of carbon dioxide and ethylene and the reduction of photosynthesis. These symptoms increase with a decrease in temperature and the lengthening of the time of its impact (Saltveit 1991 , Collins at al.1993 , Jennings and Saltveit 1994 , Mangrich and Saltveit 2000 , Kang and Saltveit 2001 , Saltveit 2001 , Kang and Saltveit 2002 . Some attempts have been taken to increase seedling tolerance to chilling conditions. These methods include: temperature conditioning, storage at high relative humidity or low pressure, application of specific chemical compounds, use of controlled atmospheres during chilling, increased atmospheric carbon dioxide levels, pre-treatments with calcium or ethylene and conditioning near the chilling temperature before storage (Collins et al. 1993 , Mangrich and Saltveit 2000 , Kang and Saltveit 2001 , Saltveit 2001 . However, these methods were mainly used during the early growth of plants, which creates difficulties in applying them in practice during seed production.
Therefore, the aim of the present study was to evaluate the effect of temperature shock applied during seed conditioning in water or in the presence of salicylic acid, jasmonic acid or brassinolide on the improvement of cucumber tolerance to the negative effects of chilling.
MATERIAL AND METHODS
Seeds of cucumber (Cucumis sativus L.) were purchased from TORSEED S.A. -Garden Seed and Nursery Stock Company in Toruń. Cucumber seed lots were kept at 30% RH at 25°C until the start of the experiments.
The seeds were sown in 21.5 × 15 cm Plexiglas boxes on cotton wool moistened with either distilled water at 25°C (control) or solutions of salicylic or jasmonic acid in concentrations of 10 -2 , 10 -3 or 10 -4
M or brassinolide in concentrations of 10 -6 , 10 -8 or 10 -10 M. Imbibed seeds were transferred to 0, 2.5, 5, 35, 40 or 45°C for 0 -control, 1, 2 or 4 h and returned to 25°C. Seedlings with 3 mm roots were chilled at 0°C for three days. The chilling susceptibility was evaluated by measuring the root lengths, electrolyte leakage and total dehydrogenase activity.
Root length was determined in Phytotoxkit Microbiotest after seedlings were returned from chilling condition to 25°C for 72 h in a 16/8 photoperiod (Persoone and Vangheluwe 2000) . The length was measured with a clear, transparent plastic ruler to the nearest mm.
Twenty-five cucumber roots in four tubes were soaked in 3 ml of distilled water and incubated at 20°C for 4 h. The total conductivity of the solution was expressed as the percentages of the total leakage from seeds boiled for 10 min in water. Results correspond to the means of four measurements. A microcomputer conductivity meter CC-551 (ELMETRON, Poland) was used to measure the electrical conductivities of the leaches of the roots.
For the determination of total dehydrogenase activity, 0.2 g of root tips were placed in Eppendorf tubes, ground and incubated in 1 cm 3 of 0.1 M sodium phosphate buffer, pH 7.2 containing 0.7% (w/v) of 2,3,5-triphenyl tetrazolium chloride at 25°C for 24 h. After that time, the samples were centrifuged (5 min; 5,000 × g) and the pellet was extracted six times with 1 ml of acetone. The solution absorbance was measured at 488 nm. A standard curve was prepared from the known concentration of formazan. Each determination of root viability was made four times.
Each experiments was done twice. The experiment was designed in four replications, each comprising ten seedlings. The differences between the means were estimated by the Duncan multiple range test at a significance level of p = 0.05.
RESULTS AND DISCUSSION
Earlier research conducted on sunflower has shown that seed conditioning in water significantly increased seedling tolerance to chilling conditions (Górnik at al. 2014) . Furthermore, seedlings obtained from conditioned seeds and subsequently subjected to short-term shock temperatures revealed an additionally increased tolerance to the negative effects of chilling. Preliminary experiments carried out on cucumber have shown that seedling sensitivity of cucumber depended on the length of the roots during which they were subjected to low temperatures (data not shown). Subsequent growth of roots after chilling was often used as one of the best indicators for the evaluation of the severity of chilling injuries (Jennings and Saltveit 1994 , Mangrich and Saltveit 2000 , Kang and Saltveit 2001 , Saltveit 2001 , Górnik at al. 2014 . Moreover, it has been reported that radicle growth after chilling is an even more sensitive test for seedling tolerance to low temperature than the frequently used measurement of ion leakage (Jennings and Saltveit 1994) . It was also regarded from preliminary experiments that the chilling sensitive stage of cucumber plant development is when seedlings have 3 mm of roots.
Present studies have shown that seedling resistance to chilling conditions (0°C to for 3 days) depended on the plant growth regulators used during seed imbibition and their concentration as well as the temperature initiating thermal shock and its duration. The highest tolerance to chilling, expressed by subsequent growth of the roots, was observed after seed conditioning in salicylic acid solutions in a concentration of 10 -4 M for 16 h at 25°C, then exposure for 4 h to a shock temperature of 5°C and return to 25°C (Tab. 1). Due to such treatment the seedling root length was over 12 times longer than the control ones (imbibed in distilled water and not subjected to short-term temperature impact). Less effective on seedling chilling tolerance was 5°C (shock temperature) exposure for 2 h. After this treatment the length of seedling roots was over 10 times longer than the control. Similarly, shock temperature of 35 or 40°C also positively affected the obtained seedlings against negative effects of chilling conditions. However, these shock temperatures were not as The present research also clearly demonstrated that cucumber seed conditioning in jasmonic acid solutions in a concentration of 10 -4 M for 16 h at 25°C, then exposure for 1-4 h to a shock temperature of 0, 2.5, 5, 35, 40 or 45°C resulted in a higher resistance to chilling conditions compared to the control (Tab. 1). In the presence of jasmonic acid in a concentration of 10 -4 M, the best effect was observed after exposing conditioned seeds to 0°C for 4 h. Despite the adverse impact of chilling Table 2 . Electrolyte leakage of cucumber seedlings obtained from seeds conditioned in solutions of salicylic or jasmonic acid or brassinolide for 16 h at 25°C, temperature shocked at 0, 2.5, 5, 35, 40 or 45°C for 1, 2 or 4 h and returned to 25°C. Control seeds were conditioned at 25°C in water and not subjected to short-term shock temperature. Seedlings with 3 mm roots were chilled at 0°C for 3 days Korkmaz et al. (2005) found that the inclusion of jasmonic acid into the priming solution improved the low temperature performance of muskmelon seeds. Seed conditioning in brassinolide in a concentration of 10 -10 M for 16 h at 25°C, afterwards subjecting them for 4 h to shock temperature of 2.5°C or 5°C, also resulted in increased seedling tolerance to chilling (Tab. 1). Due to such treatments the seedling root length was over five times longer than the control. The spraying of rice leaves with brassinolide also increased plant height and the fresh weights of tops and roots under chilling stress (Bajguz and Hayat 2009).
Previous studies revealed that the integrity of cucumber root membranes measured by electrolyte leakage was impaired by chilling temperatures (data not shown). Similarly, the negative effects of chilling on membrane integrity were visible in the present research in the control seeds, which were conditioned in distilled water at 25°C and not subjected to short-term shock temperature (Tab. 2). Posmyk et al. (2001) reported that electrolyte leakage to the medium expressing the integrity of membranes is a highly sensitive test Table 3 . Total dehydrogenase activity of cucumber seedlings obtained from seeds conditioned in solutions of salicylic or jasmonic acid or brassinolide for 16 h at 25°C, temperature shocked at 0, 2.5, 5, 35, 40 or 45°C for 1, 2 or 4 h and returned to 25°C. Control seeds were conditioned at 25°C in water and not subjected to short-term shock temperature. Seedlings with 3 mm roots were chilled at 0°C for 3 days Bramlage et al. (1978) demonstrated that the leakage of solutes from chilled imbibing seeds suggests that membrane re-organization is impaired at low temperatures. The present results indicate that electrolyte leakage to the medium was positively affected by seed conditioning, short-term shock temperature as well as the examined plant growth regulators (Tab. 2). The lower value of electrolyte leakage measurements indicates the better integrity of the cell membranes of the roots. The presented data indicate that all of the applied plant growth regulators positively affected membrane integrity, protecting it from the damaging effect of chilling. The best effect was visible after seed conditioning in salicylic acid solutions in a concentration of 10 -4
M for 16 h at 25°C, then exposure for 4 h to a shock temperature of 5°C.
The obtained results shown that the total dehydrogenase activity of chilled roots, similarly to membrane integrity, was positively influenced by seed conditioning, short-term shock temperature as well as the examined plant growth regulators (Tab. 3). The obtained results reveal that all of the applied plant growth regulators during seed conditioning positively influenced the total dehydrogenase activity. The highest activity of total dehydrogenase of chilled roots was observed after seed conditioning in salicylic acid solutions in a concentration of 10 -4 M for 16 h at 25°C, then exposure for 4 h to a shock temperature of 5°C. Higher total dehydrogenase activity of chilled roots suggests that seed conditioning, short-term shock temperature as well as salicylic acid stimulated respiratory enzyme activity in cucumber seedlings. Presumably, an increase of the respiration rate due to such treatments enhanced cucumber chilling tolerance. The activity of dehydrogenases (respiratory enzymes) is considered an index of tissue respiration and metabolism (Kasai et al. 1998 , Białecka and Kępczyński 2010 , Farooq et al. 2010 ). In the Kasai et al. (1998) study, an increase in the respiration rate was suggested as an adaptive strategy for stress in Triticum aestivum seeds germinating under salinity.
The present studies have shown that combining the positive impacts of seed conditioning, salicylic or jasmonic acid or brassinolide and short-term shock temperature led to the alleviation to a large degree of the negative effects of chilling on cucumber seedlings. However, this was dependent on the plant growth regulator used during seed imbibition, its concentration as well as the temperature initiating thermal shock and its duration. Further research is needed to explain the mechanism of the positive effects of salicylic acid, jasmonic acid or brassinolide application in reducing the injurious effects of chilling on cucumber seedlings.
CONCLUSIONS
1. Cucumber seedling resistance to chilling conditions (0°C to for 3 days) depends on plant growth regulator used during seed imbibition and its concentration as well as the temperature initiating thermal shock and its duration.
2. The highest cucumber seedling tolerance to chilling, expressed by the subsequent growth of the roots, was observed after seed conditioning in salicylic acid solutions in a concentration of 10 -4 M for 16 h at 25°C, then exposure for 4 h to a shock temperature of 5°C.
3. An increased chilling tolerance of cucumber seedlings may result from enhanced membrane integrity and total dehydrogenase activity due to seed conditioning in the plant growth regulator used and short-term shock temperature.
